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If we assume independent chemistries for the steady production on these dates, then we cannot extract separate volatile abundances for the steady (preimpact) production and the ejecta on 4 July. If we assume a common chemistry for the steady production on 3 June and 4 July (preimpact), the abundance ratios (relative to water) for most species in the ejecta are within the range of those found for the dominant group of OC comets. Some differences are noted: Methanol is lower by a factor of about 2 in Tempel 1, as is acetylene.
These chemical similarities suggest that Tempel-1 and most OC comets originated in a common region of the protoplanetary disk; this is consistent with the view that the comet nuclei in the scattered KED Ethe proposed source reservoir for most ecliptic comets (7)^and OC comets both originated in the outer giant planets_ region of the protoplanetary disk. The depleted ethane abundance on 3 June and its similarity to similar values found for 2P/Encke and 21P/GiacobiniZinner then suggests that the surfaces of shortperiod comets have been processed thermally. The impact cratering process on a comet is controversial but holds the key for interpreting observations of the Deep Impact collision with comet 9P/Tempel 1. Midinfrared data from the Cooled Mid-Infrared Camera and Spectrometer (COMICS) of the Subaru Telescope indicate that the large-scale dust plume ejected by the impact contained a large mass (È10 6 kilograms) of dust and formed two wings approximately T45-from the symmetric center, both consistent with gravity as the primary control on the impact and its immediate aftermath. The dust distribution in the inner part of the plume, however, is inconsistent with a pure gravity control and implies that evaporation and expansion of volatiles accelerated dust.
We conducted mid-infrared (mid-IR) observations of comet 9P/Tempel 1 before and after its collision with NASA_s 370-kg Deep Impact (DI) probe (1). Because mid-IR light is sensitive to dust radiation but not influenced by gas emission, it is suitable for observing the dust excavated by the DI collision. Both imaging and spectroscopic measurements were performed with the Cooled Mid-Infrared Camera and Spectrometer (COMICS) mounted on the Subaru Telescope on Mauna Kea, Hawaii. This long wavelength range is not covered by the DI spacecraft_s instruments (2) , and the spatial resolution achieved by the large (8.2 m) aperture of the Subaru telescope surpasses that of space telescopes. Information on the impact physics of the DI collision is crucial to putting chemical and mineralogical data obtained by other observations (3, 4) into context. Both N-band (8-to-13 mm) spectroscopy data and spectral energy distribution (SED) data based on multiband imaging measurements on universal time (UT) 2 and 3 July 2005 show that the cometary coma was compact Eonly 1.3 times the point spreading function (È0.4µ) of the Subaru/COMICS system at the 10.5-mm band^before the DI collision. The first image of comet 9P/Tempel 1 an hour after the impact showed a large fan-shaped plume with a symmetry line at 225-position angle (PA) from the comet nucleus (Fig. 1) . This direction turned out to be close to the direction of the surface normal vector of the impact point of the comet (3).
The plume expanded at an approximately constant velocity (125 T 10 m/s) (5) throughout the observed time on UT 4 July 2005. As the plume expanded, its surface brightness decreased monotonically. The relation between plume expansion and decay in surface brightness can be seen more quantitatively in light curve measurement (5) (Fig. 2) . The light flux within each aperture size reached the maximum within the first hour after the impact. After the first hour, the light flux within small apertures E4-pixel and 8-pixel radii (6)^de-creased rapidly. In contrast, the rate of decrease in the light flux within larger apertures was rather small in the first 3 hours and became larger subsequently. These photometric observations suggest that the decrease in light flux is simply attributed to the escape of dust from the observed apertures and does not require any special dust elimination process.
The monotonic decrease in the total light flux from the comet after the first hour also indicates that there was no sustained major supply of dust from the cometary surface, which would have increased the total light flux (7, 8) . Thus, most of the dust in the plume most likely represents the impact ejecta thrown out directly by the DI cratering event.
Another important aspect of the dust plume is its color change. The emission spectrum from the coma was dominated by the continuum component (Fig. 1A , red) with little sign of silicate feature at the wavelength of 10 mm (green), but the DI collision markedly increased the silicate feature within 1 hour (Fig. 1B) . The strong 10-mm silicate emission feature continued throughout the rest of the observation time on UT 4 July 2005 (up to 3.5 hours after the impact). However, the 10-mm peak had disappeared by the beginning of our observation on UT 5 July 2005.
Such time evolution can be seen more quantitatively in the SED measurement. The SED before the impact showed almost no 10-mm feature and is relatively flat through the observed wavelength range ( fig. S2 ). After the impact, however, a strong signal of 10-mm silicate feature appeared (Fig. 3) . This indicates that small (submicrometer to micrometer) silicate grains were excavated from the comet interior (9, 10) . The continuum component of light throughout all observed wavelengths also increased. The increase at wavelengths of 17.7 and 18.8 mm in the Q band is consistent with the presence of small silicate grains in the dust plume (9, 10). The light flux decreased rather rapidly across all wavelengths and returned almost to the preimpact level after 1 day. However, the elevated Q-band light flux was still present (fig. S2) .
A more detailed examination of SED data reveals that the 10-mm silicate feature decreased more rapidly than the N-band continuum in the close vicinity of the comet nucleus ( fig. S2 ). This selective decrease in the 10-mm peak around the comet can also be seen in the multiband color images, in a reddish color near the center in Fig. 1D . This emergence of continuumdominated light (i.e., carbon-rich or large dust grains) near the nucleus suggests that the ejection of fine silicate grains was short-lived and was replaced rather rapidly by a different type of dust, which is similar to that found around typical Jupiter-family comets.
Although the SED data unambiguously show the presence of fine-grained silicates in the dust plume, spectroscopic measurement and analysis are required to obtain more quantitative characteristics of the dust, such as mineralogical composition, porosity, crystallinity, and size distribution. We carried out model calculations with a variety of size distribution functions and a wide range of free parameters (5) .
Model-fitting with a power-law size distribution, the Hanner size distribution (11), log-normal distribution, and constant number distribution between maximum and minimum sizes yielded similar estimates for mineralogical composition, crystallinity, and porosity of dust (5) . The masses (in 10 5 kg) of crystalline olivine, amorphous olivine, crystalline pyroxene, amorphous pyroxene, and amorphous carbon grains in the dust plume estimated with the Hanner size distribution function are 1.59 T 0.14, 4.05 T 0.44, 0.18 T 0.04, 1.65 T 0.87, and 0.84 T 0.16, respectively (5). The fractal dimension (12) of amorphous grains is estimated to be between 2.7 and 2.8. The high mass ratio of crystalline silicates to amorphous silicates shows that comet 9P/Tempel 1, a Jupiter-family comet, contains a large fraction of a high-temperature component of the solar nebula, similarly to Oortcloud comets. A similar result was obtained from Gemini telescope observations (13). 
D E E P I M P A C T D E E P I M P A C T

www.sciencemag.org SCIENCE VOL 310 14 OCTOBER 2005
The observed high mass ratio (È0.3) of crystalline silicates to amorphous silicates observed for the interior of comet 9P/Tempel 1, a Jupiter-family comet, is much higher than that (È0.02) observed for another Jupiter-family comet, 78P Gehrels 2, and is the highest among any Jupiter-family comets observed so far (14) . The high mass ratio is rather close to those for Oort-cloud comets, such as comets Hale-Bopp (È0.7) and C/2001 Q4 (NEAT) (È0.2), where the mass ratios for the two comets are calculated on the basis of the dust number ratios obtained by previous observations (15, 16) and the dust size range used in this study. Jupiter-family comets have not been thought to have many high-temperature silicate grains, unlike Oort-cloud comets. The high abundance of crystalline silicates suggests that the interior of Jupiter-family comets may contain a substantial amount of material that went through high-temperature conditions in the early solar nebula.
The spectral analysis also provides information on grain size distribution. A c 2 test indicates that four of the five distribution functions we tried provided similarly good fits to the data when similar parameter values were chosen (5) . Regardless of the choice of a model function, the calculations show that the peak grain size was around 1 mm and that the dust ranged in size from G1 to È10 mm across, and perhaps even larger (17) .
The observed spectrum is best fit with a power-law in the large dust size range (91 mm) with an exponent of between -3.5 and -3.6. These values are similar to those for Oortcloud comets, such as comets Hale-Bopp and C/2001 Q4 (NEAT) (15, 16) . This similarity in size distribution again suggests that the DI collision excavated fresh cometary material from the interior of 9P/Tempel 1.
The observation that the interior of a Jupiter-family comet, 9P/Tempel 1, has a dust distribution and a crystalline-to-amorphous ratio of silicates similar to those of Oort-cloud comets such as Hale-Bopp and C/2001 Q4 (NEAT) suggests that these two families of comets with different dynamic characteristics may have a similar origin. Recent observations and dynamical simulations suggest that the most likely precursors of Jupiter-family comets are not classical Kuiper-belt bodies, which are thought to have formed farther from the Sun than Neptune, but scattered disk bodies in the Kuiper belt, which are thought to have formed in the giant planets region (18) . The observed similarity in the dust properties between 9P/Tempel 1 and Oort-cloud comets, which are also thought to have formed in the giant planets region, supports this hypothesis.
The results of the analysis for the size distribution and composition allow us to estimate that, based on our SED measurement of the comet, 1.4 Â 10 5 to 1.9 Â 10 5 kg of crystalline dust particles were emitted by the impact (19). This is a lower estimate. Because the maximum size of dust is difficult to constrain using the spectroscopic data, we took a 1-m block as the maximum size. The total mass would then be 2.8 Â 10 7 to 7.0 Â 10 7 kg, which gives an upper estimate. Such large blocks of solid material would be expected to have been observed by the spacecraft, but no sign of such large blocks was reported (3). Thus, the total dust mass would be substantially smaller than the upper estimate. When the maximum dust size is taken to be 10 mm, based on the above N-band spectroscopic analysis, and the standard Hanner size distribution is used, the total mass is estimated to be 5.6 Â 10 5 to 8.5 Â 10 5 kg. This range is probably closest to the actual total dust mass in the plume (5) .
The lower estimate for the crystalline silicate mass is 10 times the upper estimate for the mass that can be devitrified by impact shock heating due to the DI collision (5). Thus, most of the crystalline dust particles were not devitrified and likely represent the intrinsic composition of the cometary interior.
The observed dust mass in the plume can be used to constrain the cratering style. The observed dust mass should correspond to the mass of ejecta thrown from the impact site at velocities higher than the escape velocity of 9P/Tempel 1. If the crater growth was controlled by gravity, the mass of ejecta at velocities higher than the escape velocity is estimated to be È1.5 Â 10 6 kg (5). Because this mass includes both dust and ice, the dust mass in the plume should be slightly smaller. The dust mass predicted for gravity-controlled cratering will then be close to the observed dust mass (5.6 Â 10 5 to 8.5 Â 10 5 kg). However, if compaction and/or target strength plays an important role in cratering, the ejecta mass will be reduced significantly (20, 21) and become inconsistent with the observed dust mass. This suggests that the cratering process induced by the DI collision was controlled by gravity.
The high-resolution mid-IR images of 9P/ Tempel 1 also reveal important aspects of the dust plume dynamics. Figure 4 shows the time progression of the radial profile of 10.5-mm brightness along the 225-PA from the comet nucleus. The radial profile exhibits a monotonic decrease as a function of distance from the nucleus. A classic ejecta curtain model predicts that the mass distribution will decrease monotonically as a function of ejection velocity (22) . However, a quantitative comparison shows a discrepancy between the observation and a simple cratering model. A standard ejecta mass-velocity relation in the gravity regime predicts an r j3. 22 profile, where r is the distance from the nucleus (5), but the observed radial profile does not follow this trend. It is better fit with two power-law slopes: an inner r j1 profile and an outer r j5 profile (23).
An r j1 radial profile is commonly seen in typical cometary coma. This profile is maintained by a steady-state gas production on the nucleus surface and a constant radial expansion velocity (24) . The observed constant expansion velocity of the dust plume is also consistent with such a steady-state gas production model. A major steady-state dust supply from the cometary surface, however, would contradict the observed monotonic decrease in the total light flux (Fig. 2) .
It is likely that the r j1 profile requires an acceleration process for dust particles in addition to gravity-controlled excavation flow, such as volatile evaporation and expansion. One possible model for the observed radial brightness profile is that low-velocity ejecta with a large fraction of ice, which stays initially around the nucleus, is gradually vaporized by the solar radiation and expands radially. If the ejecta evaporation rate is regulated by the solar influx, an apparent constant gas production may be achieved. Vaporization of micrometer-sized ices, however, will take much less than a few hours. Much larger millimeter-sized ice grains are needed to account for such a long time scale, but it is uncertain at this point if there are such large ice grains in the plume.
The angular profile of the dust plume provides additional information on the DI cratering process and the subsequent plume dynamics. Figure 5 shows angular profiles of brightness of the dust plume at different radial distances from the nucleus. A relatively isotropic brightness distribution near the nucleus (e.g., a 5-pixel radius circle) gradually changed to a profile with a clear concentration centered at È225-PA (e.g., a 20-pixel radius circle). Near the leading edge of the dust plume (a 25-pixel radius circle), the brightness was concentrated in two directions, about T45-away from the symmetric center (È225-PA) of the plume (5). The maximum brightness of the two peaks is almost 10 times the average outside the peaks. Such peaks in the about T45-directions (5) suggest the presence of a classic ejecta curtain (25, 26) , not consistent with compaction-controlled cratering, which typically forms a high-angle ejecta plume (27) . However, such peaks at about T45-are limited to the leading part of the plume. The inner part of the plume exhibits an oval or singlefan-shaped distribution without a central depression near 225-PA. The angular distribution pattern in the inner part of the dust plume is rather inconsistent with a simple crater ejecta curtain model. This may also reflect the effect of the outgassing process from ice-rich ejecta.
Thus, analyses of both radial and angular profiles show that the outer part of the dust plume is consistent with a gravity-controlled cratering model and that the inner part was influenced further by volatile evaporation and expansion. This is qualitatively consistent with crater excavation dynamics, because higher speed ejecta (i.e., the outer portion of the ejecta curtain) comes from near the surface and slower ejecta (i.e., the inner portion of the ejecta curtain) is biased toward material from deeper in the target (richer in volatiles in the DI case) (28) . The inference that DI excavated a volatile-rich layer is further consistent with both the detection of gaseous molecules by other telescopes and the DI spacecraft (3, 4) and with our observation of fine silicate grains with properties similar to those of active Oort-cloud comets, which are generally rich in volatiles.
The reason why a major jet did not occur after the excavation of a volatile-rich layer remains unanswered. It may be because the excavated fresh material inside comet 9P/Tempel 1 had been partially depleted in volatiles or because a jet cannot form by a simple exposure of volatile-rich material to the space. Fig. 5 . Angular profile of brightness around 9P/Tempel 1 3 hours after the impact. The light flux per pixel (0.130µ Â 0.130µ) at different radial distances from the nucleus is shown as a function of q -225-, where q and 225-are position angle and the symmetry direction of the plume, respectively. The radial distances in pixels from the nucleus are indicated.
